Endosymbiotic theory in eukaryotic-cell evolution rests upon a foundation of three cornerstone partners-the plastid (a cyanobacterium), the mitochondrion (a proteobacterium), and its host (an archaeon)-and carries a corollary that, over time, the majority of genes once present in the organelle genomes were relinquished to the chromosomes of the host (endosymbiotic gene transfer). However, notwithstanding eukaryote-specific gene inventions, single-gene phylogenies have never traced eukaryotic genes to three single prokaryotic sources, an issue that hinges crucially upon factors influencing phylogenetic inference. In the age of genomes, single-gene trees, once used to test the predictions of endosymbiotic theory, now spawn new theories that stand to eventually replace endosymbiotic theory with descriptive, gene tree-based variants featuring supernumerary symbionts: prokaryotic partners distinct from the cornerstone trio and whose existence is inferred solely from single-gene trees. We reason that the endosymbiotic ancestors of mitochondria and chloroplasts brought into the eukaryotic-and plant and algal-lineage a genome-sized sample of genes from the proteobacterial and cyanobacterial pangenomes of their respective day and that, even if molecular phylogeny were artifact-free, sampling prokaryotic pangenomes through endosymbiotic gene transfer would lead to inherited chimerism. Recombination in prokaryotes (transduction, conjugation, transformation) differs from recombination in eukaryotes (sex). Prokaryotic recombination leads to pangenomes, and eukaryotic recombination leads to vertical inheritance. Viewed from the perspective of endosymbiotic theory, the critical transition at the eukaryote origin that allowed escape from Muller's ratchet-the origin of eukaryotic recombination, or sex-might have required surprisingly little evolutionary innovation.
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endosymbiosis | evolution | mitochondria | lateral gene transfer | plastids T he origin of eukaryotes was one of life's major evolutionary transitions (1, 2) . Despite much progress in recent years, the issue is far from being resolved to everyone's satisfaction. There is broad agreement that the last eukaryotic common ancestor (LECA) possessed numerous features that are lacking in prokaryotes, including a mitochondrion, a nucleus, an extensive endomembrane traffic system, meiosis, sex, spliceosomal introns, a eukaryotic flagellum, a cytoskeleton, and the like (2, 3) . The order of events that gave rise to those attributes is still debated (3) (4) (5) , as are issues concerning (i) the number and nature of prokaryotic partners that were involved in eukaryotic symbioses, (ii) the role of gene transfers from the ancestral mitochondrion, and (iii) the possible role of lateral gene transfer (LGT) from donors that were distinct from the mitochondrial (or plastid) endosymbiont, or its host.
Three recent developments have shed new light on the problem of eukaryote origins. The first is the insight that the host for the origin of eukaryotes is now best understood as a gardenvariety archaeon, one that branches within the diversity of known archaeal lineages (4, (6) (7) (8) (9) . An origin of the host from within the TACK superphylum (4, 7, 9) is the position most widely discussed at present, but the TACK superphylum was itself only recently recognized through the discovery of new archaeal lineages (7). It is possible that, as new archaeal lineages become discovered, the phylogenetic arrangement of eukaryotes and archaea might undergo further adjustments still (10) .
A second development is the recognition that the origin of the roughly 2,000 gene families that underpinned the origin of eukaryotic-specific traits in the eukaryote ancestor required the biochemical power of internalized bioenergetic membranes that mitochondria provided (3). Mitochondria, not oxygen, made the energetic difference that separates eukaryotes from prokaryotes. That is because anaerobic mitochondria generate about five ATP per glucose and fermentations in eukaryotes generate two to four ATP per glucose (11) , such that the meager 5-to 10-fold increase in ATP yield per glucose conferred by oxygen respiration is dwarfed by the 10 4 to 10 5 increase in ATP yield per gene manifest in cells with mitochondria (3) . The key to the orders of magnitude increase in energy available for evolutionary invention that mitochondria conferred is the eukaryotic configuration of internal, compartmentalized bioenergetic membranes relative to genes (3, 5) . After all, had oxygen been the key to eukaryote complexity, Escherichia coli would have become eukaryotic for the same reason. Furthermore, eukaryotic aerobes and anaerobes interleave across eukaryote phylogeny (11) , and bioenergetics point to a mitochondrion ancestor with a facultatively anaerobic lifestyle (12) . Only those cells became complex that experienced the increased energy per gene afforded by mitochondria, and the long puzzling lack of true intermediates in the prokaryoteeukaryote transition has a bioenergetic cause (3) .
A third, and more involved, development is the recognition of genomic chimerism in eukaryotes (13) , an issue that has been brewing for some time (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Genome analyses showed that genes of bacterial origin outnumber genes of archaeal origin in yeast (21) and other eukaryotic genomes (23, 24) by a factor of about 3:1 and that roughly 15-20% of the nuclear genes in photosynthetic eukaryotes are acquisitions attributable to the endosymbiotic origin of plastids from cyanobacteria (25) (26) (27) .
However, many of the gene acquisitions in photosynthetic eukaryotes do not trace, in gene trees, directly to a cyanobacterial, and thus obviously plastid, origin. Fewer still among the threefold excess of bacterial genes over archaeal genes in eukaryote genomes trace directly via gene trees to proteobacteria. The excess of bacterial genes in eukaryotes continues to generate new thoughts, new explanations, and debate. There are several different schools of thought on the issue of how the excess of bacterial genes in eukaryotes is best explained. Eukaryotic gene acquisitions from resident organelles (plastids and mitochondria), lateral gene transfers from casual bacterial acquaintances, and pitfalls of inferring eukaryotic gene origins from gene trees alone stand in the foreground.
Unexpected Bacterial Genes in Eukaryotic Genomes
Efforts to explain bacterial genes in eukaryotes that have unexpected branching patterns often involve "supernumerary symbionts," hypothetical cellular partners that are distinct from the mitochondrion or its host but that donated genes to eukaryotes as the only remnant of their ephemeral existence. This idea probably goes back to Zillig et al. (28) , who found genes of bacterial origin in Giardia long before anyone suspected that it possessed reduced mitochondria (29) . Zillig et al. suggested that such genes betray the existence of a bacterial symbiont incertae sedis that preceded the origin of mitochondria and that brought extra bacterial genes into the eukaryotic lineage. Gupta and Golding (17) reasoned similarly, as did others (30, 31) , who favored the view that the nucleus was an archaeal endosymbiont, which the extra bacterium engulfed, and which became the nucleus. Supernumerary symbionts were thus allied with endosymbiotic theory, but with an important twist that all of the genes that branched "unexpectedly" were attributed to the same supernumerary donor, whereby the expectations were too seldom spelled out (19) .
Another school invokes gene acquisition from "food bacteria" (32) : that is, the ancestral eukaryote was a phagotroph (33) that fed on bacteria and occasionally incorporated genes so ingested. A different suggestion has it that eukaryotes and archaea are directly descended from actinobacteria, but that the cause of higher sequence similarity in eukaryote-bacterial comparisons stems from cataclysmic elevation of the substitution rate in archaea, which are however suggested to have arisen about 800 My ago (33) , despite evidence that archaea are far more ancient (34) . De Duve argued that the host for the origin of mitochondria was a bacterium, the archaeal genes (and ribosomes) of eukaryotes having been acquired via LGT from archaea (35) . More recent is Gray's "premitochondrial hypothesis" (36) , which posits that mitochondrial proteins that do not branch with alphaproteobacterial homologues are relicts from a premitochondrion that existed in the host, although no suggestion is offered for why the host had bacterial genes to begin with (they are just "there"), nor is the existence or origin of bacterial proteins in the eukaryotic cytosol addressed.
Similar to the situation for the eukaryote common ancestor, the plant lineage was also found to harbor many nuclear genes whose gene distributions-shared only by plants and prokaryotesstrongly suggest that they are acquisitions via endosymbiotic gene transfer from the plastid ancestor even though they do not all branch with cyanobacteria in phylogenetic trees (25, 37) . Other suggestions have appeared in the literature to address the excess plant-specific bacterial genes. The shopping bag model (38) was introduced to explain the observation that plant nuclear genes acquired from plastids do not all branch with the same cyanobacterial donor (25) . In a nutshell, the shopping bag model invokes a different donor bacterium for every gene that does not branch as expected although the expectation is not explicitly formulated. In that respect it is similar to Doolittle's food bacteria theory (32) for eukaryotic heterotrophs. At the same time, it entails a distinctly gradualist view of endosymbiotic theory: that is, the gradual accumulation of genes in preparation for obtaining a plastid, such that the actual acquisition of a plastid was a small final step in a long process preparing the host for its endosymbiont, an element that is also contained in Gray's premitochondrion theory (36) . A problem with the shopping bag model is that acquired nuclear genes for plastid functions are quite useless for a host that has neither a plastid nor a TIC/TOC protein routing machinery to direct nuclear encoded gene products to the plastid should it finally acquire one, such that gene acquisitions before the acquisition of the plastid itself would hardly have a selectable function and would thus be more likely to be lost than be fixed.
Inherited Chimerism: Cutting Trees a Bit of Slack
As an alternative to supernumerary symbionts, perhaps the too many bacterial genes in eukaryotes are acquisitions, by an archaeal host, via gene transfer from the mitochondrion itself (39) , whereby the excess of bacterial genes that do not tend to branch with any bacterial group in particular, including alphaproteobacteria, is best explained as gene acquisitions from the mitochondrion followed by LGT among prokaryotes, in addition to the many technical shortcomings of deep phylogeny (40) . In that view, the localization of bacterial proteins in the cytosol of nonphotosynthetic eukaryotes comes mainly from endosymbiotic gene transfer out of the mitochondrion to the host before the origin of a mitochondrial protein import apparatus, giving rise to bacterially related cytosolic proteins encoded by nuclear genes of mitochondrial origin (19, 39, 41) . With the advent of the mitochondrial protein import machinery, and some gene tinkering in the nucleus, the same transfer mechanism could also give rise to nuclear encoded mitochondrial proteins. That view, termed here "inherited chimerism," has stressed two main aspects: (i) we cannot take single-gene phylogenies that span over a billion years back to the origin of mitochondria (and plastids) at face value; we need to be skeptical of their topologies, especially at the deepest branches; and (ii) LGT among prokaryotes complicates things in a manner too seldom appreciated, in that genes acquired via the mitochondrion and the plastid were sequestered in the eukaryotic lineage whereas their homologues in prokaryotes were free to continue undergoing recombination, within and across taxon boundaries (21, 40, (42) (43) (44) . Pangenomes, which arise from the mechanisms of inheritance in prokaryotes, play an underappreciated role in this issue, as the following brief consideration of recombination in prokaryotes and eukaryotes illustrates.
Prokaryotes vs. Eukaryotes, Pangenomes vs. Lineages
Differences in the mechanisms of inheritance across the prokaryote-eukaryote divide generate, over long time frames, different patterns of variation. In both prokaryotes and eukaryotes, there are clonally propagating species that seem never to undergo recombination. Because mutation is inevitable (45), prokaryotic or eukaryotic species that never undergo recombination will continuously accumulate sublethal mutations, which they cannot purge from their genomes. This process continuously increases genetic load, for which reason they will eventually go extinct, a process known as Muller's ratchet (46) (47) (48) (49) . Recombination has an important role in evolution in that it rescues genomes from Muller's ratchet.
In prokaryotes, three main mechanisms of recombination introduce new genes or alleles into the genome to counteract Muller's ratchet: conjugation, transduction, and transformation (50) , in addition to other mechanisms that are restricted to only some lineages, such as gene-transfer agents (51) . Over evolutionary timescales, these mechanisms are superimposed upon the clonal patterns of variation that prokaryotic cell division produces (52), leading to a continuous increase in genome size that eventually must be counterbalanced by gene losses and results in clonally descended clusters of sequences that differ substantially in gene content (Fig. 1A) . The genes shared by all members of the group are called the core genome, those differentially present across the genomes in question are called the dispensable or accessory genome, and the sum of these components is called the pangenome (53, 54) . Importantly, recombination in prokaryotes is not reciprocal, but unidirectional from donor to acceptor, even in archaea that fuse (55) . Furthermore, the donor DNA need not come from individuals of the same species; rather, it can come from any taxon or it can even come from dead cells (the environment) (49) .
In eukaryotes, the mechanism that counteracts Muller's ratchet is sex. Although there are many variations on the theme (56-59), the underlying principle is that gametes containing different combinations of genes from the same species fuse to produce individuals containing two sets of chromosomes harboring variants (alleles) of the same genes. Meiotic recombination generates new assortments of alleles in the next generation of gametes. Notwithstanding the occasional hybridization, allopolyploidization, or introgression events among closely related species, the process of recombination in eukaryotes produces lineages and patterns that reflect, over geological timescales, vertical descent and new combinations of alleles from within the same gene set (Fig. 1B) .
It is noteworthy that the mechanisms of recombination in prokaryotes are simultaneously the mechanisms of LGT. Their operation upon clonal lineages over time produces pangenomes whereas the mechanisms of recombination in eukaryotes produce lineages with vertical inheritance.
LGT in prokaryotes is just natural variation in action, and microbiologists have always known that there was something like a pangenome out there for prokaryotes because they built 70% DNA-DNA hybridization into the species definition (60, 61) , fully aware that 70% hybridization meant 70% shared DNA sequences, not 30% sequence divergence (62) .
What Do Pangenomes Look Like?
Pangenomes are collections of genes within the species (or within any taxon) that are or are not uniformly or universally distributed across individual genomes (53) , as shown in Fig. 2 , where we display the distribution of genes for 54 E. coli genomes ( Fig. 2A) , 44 cyanobacterial genomes (Fig. 2B) , and 208 alphaproteobacterial genomes (Fig. 2C) . Note that the basic nature of the gene distribution is the same at the species and at the phylum or class level, except for larger numbers of genes at the higher levels, which result from the mechanism in Fig. 1A working for greater amounts of time. Fig. 2 shows only how the genes are shared within the taxa whereas Fig. 3 shows how the genes are distributed across taxa, which is also relevant for the issue of inherited chimerism. This effect is seen for cyanobacteria in Fig. 3A and for alphaproteobacteria in Fig. 3B . The vast majority of genes found either in this sample of cyanobacteria or in this sample of alphaproteobacteria are not specific to the taxonomic group. Rather, they are shared with other groups. However, they are not shared with all other groups because only about 33 protein-coding genes are universal to all genomes (67), the rest being distributed in some manner. How specifically they are distributed goes beyond the scope of this paper, but it is clear that the distributions mainly entail network-like patterns of sharing (68) (69) (70) , not tree-like patterns of inclusive hierarchy. The point is this: Were we to reenact endosymbiosis today and allow one of the cyanobacteria in Fig. 3A to become the plastid, we would be selecting and sequestering a genome-sized sample of the cyanobacterial pangenome. By putting it into the eukaryotic lineage, we would not affect the ability of the genes shared by the new plastid ancestor and other taxa to undergo LGT and reassortment among the free-living species. If we allow many genes to be relocated to the nucleus while the free-living prokaryotes undergo recombination for the next 1.5 billion years (roughly the age of plastid origin) (71), we might end up with the situation we observe for plants today: Many or most genes that came in with our new plastid will not branch with homologs from a particular cyanobacterial lineage, even if our gene phylogeny is artifact-free. We repeat the experiment for one of the alphaproteobacteria in Fig. 3B , which becomes our new mitochondrion, but this time we wait for ∼1.8 Ga (roughly A B the age of LECA) (71): Many, or even most genes that came in with our new mitochondrion will not branch with a particular alphaproteobacterial lineage, even if our gene trees are free of phylogeny-reconstruction artifacts.
Supernumerary Symbionts or Inherited Chimerism?
Directly from the forest of trees for the excess bacterial genes in eukaryotic genomes, a different category of supernumerary symbionts has emerged that might be called supernumerary phylobionts because their existence is inferred exclusively from phylogenetic trees-trees in which the nearest neighbor of a eukaryotic gene is inferred as the donor. Phylobionts arise directly from observations in gene trees, without independent evidence, and as such their existence and nature are subject to all of the vagaries of phylogenetic methods and lineage sampling. Examples of supernumerary phylobionts include the idea of a supernumerary chlamydiae symbiont that has been repeatedly claimed to have helped the cyanobacterial ancestor of plastids to make the transition from endosymbiont to organelle (72), or various gene-donating bacteria that supposedly helped plants conquer the land (73) . The chlamydiae helper symbiont (72, 74) and other hypotheses that summon supernumerary phylobionts from trees are problematic (75, 76)-if we think things through in full, supernumerary phylobionts entail the inference of an additional supernumerary partner for every eukaryotic nuclear gene with prokaryotic homologs, of which there are thousands in eukaryotic genomes (24, 25, 27) . As our sample of prokaryotic genomes grows, and as phylogenetic methodologies evolve, it is already evident that, for every eukaryotic gene family, there will eventually be a new and different sister group in phylogenetic trees, and each tree could give rise to some story. In the framework of supernumerary phylobionts, this reasoning will lead to thousands of individual gene donors to the eukaryotic ancestor and the archaeplastidan ancestor. That proposition is untenable. How so? An example illustrates. What would happen if we were to use the same methodologysingle-gene trees-as people have been using to infer the origins of eukaryotic nuclear genes to infer the origin of genes that are still present in the mitochondrion or the plastid? To see, we constructed alignments and single-gene maximum likelihood trees (see SI Text for the detailed methods) for those 51 (out of 67) protein-coding genes from the Reclinomonas americana mitochondrial genome (77) that are sufficiently well-conserved to make trees and the best conserved 183 out of 209 protein-coding genes in the Porphyra purpurea plastid genome (78) in the context of 1,981 prokaryotic genomes (64) . The results (Dataset S1 and Figs. S2 and S3) show that, for Reclinomonas, 43 different sister groups were obtained, and, in 20 cases, the mitochondrial sister group differs in trees based on the forward and reverse alignments (79) using the same algorithm (Fig. S2) . For the Porphyra plastid proteins, 124 different sister groups were obtained, and, in 52 cases, the plastid sister group is different in the reverse-alignment trees (Fig. S3) .
Using the logic germane to supernumerary phylobiont inference, the findings in Dataset S1 and Figs. S2 and S3 would be interpreted as evidence that neither the mitochondrion nor the plastid arose via endosymbiosis; rather, each would be the product of 43 and 124 independent gene transfers, respectively, from different donors, thus one at a time, to the eukaryotic ancestor and the archaeplastidan ancestor, but the transfers would have to be directed to some kind of preexisting compartment, not dissimilar to Gray's premitochondrion, where rRNA operons and tRNAs also became donated, enabling the result of such transfer to morph into a bioenergetic organelle, but only mimicking a bona fide endosymbiotic origin, the real mechanism being LGT: So say the single-gene trees. We say: That scenario cannot possibly be true. However, why can it not be true? It cannot be true because exactly the same kinds of transfers-one at a time and from independent donors-for exactly the right kinds of genes to support the function of the bioenergetic membrane in mitochondria and the bioenergetic membrane in plastids (in addition to the other biochemical and physiological functions of the organelles) would have to be going on to the nucleus as well, the crux being that, until the whole organelle is assembled through such imaginary LGT, none of the transferred genes have a selectable function. Without selection for function, they would all become pseudogenes, and no organelle would emerge at all. A free-living prokaryote brings along the complete and selectable functional unit, which can then be transferred a chunk at a time to the host, but from a continuously selected and replicating functional source. There is something very wrong with the supernumerary phylobiont stories, and the core of the problem is rooted in trees. We have to relax our expectations regarding the ability of single-gene trees to provide a crayon with which we can draw eukaryotic genome history. If we take gene trees at face value, we would have to reject the proposition that plastids and mitochondria descend via endosymbiosis from free-living prokaryotes in favor of a biochemically untenable view of single-gene assembly based on LGTs inferred from gene trees. Endosymbiosis is clearly the better supported alternative, whereby inherited chimerism is a corollary whose function is to help explain odd branches in gene trees so that we do not throw out the baby (endosymbiotic theory) with the bathwater (gene trees). Concatenation is the answer, some might say, but concatenation for prokaryotic genes is very problematic (80) , and, if we do combine the eukaryotic trees into categories justifiable by tree-independent methods, what we find is evidence for a plastid, a mitochondrion, and an archaeal host (81).
Where Can We Go Wrong with Trees and Where Will It Lead Us? Asking all genes that came into the eukaryotic lineage via the mitochondrial and plastid symbiosis, respectively, to branch with homologs from one and the same present-day proteobacterial and one and the same present-day cyanobacterial genome is simply asking too much. If we adopt a vertical, static view of prokaryotic genome evolution, where genes in a prokaryotic lineage can be passed down only within the lineage, then a tree of an endosymbiotically acquired gene would always show a prokaryotic sister group to eukaryotes that consists of only taxa from the lineage to which the organelle belongs, the true donor lineage (Fig. 4A) . Because of LGT among prokaryotes, however, the prokaryotic homologs of eukaryotic genes almost never show the prokaryotic groups to be monophyletic ( Fig. 4B and table 1 from ref. 24 ). Add to that gene loss [which has to be as common in gene evolution as LGT; otherwise genomes would constantly be expanding (82, 83) ] and incomplete prokaryote genome sampling, which results in a tree where the prokaryotic sister group is sparsely populated by (Fig. 4C) or sometimes even without any representative from the true sister group (Fig. 4D) . The gene donors we infer from trees today are thus ephemeral (Fig. 4 B-E) . For example, the first plant-chlamydiae gene connection was the plastid ATP/ADP translocase (84), which, until 2007 (72), was found only in Rickettisales, and sparked heated debate on its origin (85) . As of November 2014, the Arabidopsis plastid ATP/ADP translocase (NP_173003) detects homologs in alphaproteobacteria outside Rickettsiales, in beta-, gamma-and deltaproteobacteria, and in bacteroidetes (Table S1 ). In 2021, there will be more. These factors (Fig. 4) are sufficient to generate patterns of apparent transfer from prokaryotes to eukaryotes, not to mention tree-building artifacts (38) that can also produce trees showing apparent gene transfer (86) . By ignoring such factors, and by naively believing trees at face value, a view is emerging that LGT, not endosymbiosis, is the main mechanism behind the origin of plastids (87, 88) . Should we believe that?
Gene Transfer from Organelles to the Nucleus: At Least It's Real If LGT from prokaryotes to eukaryotes were really as common in genome evolution as such studies would have us believe, then eukaryotic chromosomes should be replete with recently acquired B A bacterial DNA. However, bona fide recent bacterial gene acquisitions are very rare, and most-but not all-of the bacterial sequences that are reported in genome-sequencing projects are ultimately removed from the databases because they are contaminations from the genome-sequencing process. Important exceptions are the genomes of phloem-feeding insects, which are regularly found to harbor insertions of bacterial DNA that stems from the obligate bacterial endosymbionts that grow in the bacteriome, a specialized organ that houses the symbionts, which provide essential functions to their host, most commonly amino acid biosynthesis. Genome sequences of pea aphids (89), mealybugs (90), psyllids (91) , and invertebrates infected by Wolbachia (92) have revealed DNA segments that have been integrated from endosymbionts. However, such recent DNA transfers from bacteria are generally quite rare in eukaryotes, which is probably why they get so much attention when such verified cases are reported.
By comparison, the transfer of DNA from organelles to the nuclear genome is ubiquitous among eukaryotic genomes. DNA transfer from organelles to the nucleus occurs in all eukaryote genomes studied to date (93) . Numts, for nuclear mitochondrial DNA copies (and nupts for the plastid) (94) , are typical components of eukaryotic genomes (93) (94) (95) whereas segments of bacterial chromosomes are not. For example, our genomes harbor 53 numts that are specific to the human lineage (96) , with 12 numts that are polymorphic in human populations (93) , and more numts continuously being found in the human 1,000 Genomes data (97) . Five human numts are associated with disease (93), one of which involves a 72-bp numt insertion into exon 14 of the GLI3 gene, causing a premature stop codon, in a rare case of Pallister-Hall syndrome stemming from the Chernobyl incident (98) . No human genomes are (yet) known to be polymorphic for recent bacterial DNA insertions.
The mechanism of gene transfer from organelles to the nucleus entails the incorporation of bulk organelle DNA into nuclear chromosomes. Very large copies can be inserted, as the 262-kb mtDNA of Arabidopsis (99.91% identical) and the 131-kb complete rice chloroplast genome (99.77% identical) attest (99) , suggesting that, during the early phases of organelle origins, large segments or even whole chromosomes were also being transferred, followed by the normal DNA dynamics of mutation, recombination, fixation, and deletion. Numts and nupts are inserted into double-strand breaks by the nonhomologous end-joining machinery (100, 101) and enter the genome in open chromatin regions (101, 102) . Numts can be integrated into chromosomes with a short microhomology of 1-7 bp, implicating a submechanism of nonhomologous end joining known as microhomologymediated repair (103) , but insertion can also occur without microhomology-a process known as blunt-end repair.
Analysis of 90 recent numt insertions in human and chimpanzee suggests that 35% of the fusion points involve microhomology of at least 2 bp; thus, it seems that repair involving microhomology plays some role in numt integration but is not strictly required (103) . No analyses of recent insertions of bacterial DNA into the human and chimpanzee lineages have been reported. Notwithstanding the cases of plant-feeding insects and their tightly associated bacteria, why we do not observe recent bacterial transfers, as we do for numts and nupts? And if all of the prokaryote-toeukaryote LGT reports are real, then, at some point, we need to see evidence for its long-term effects in terms of different lineages of eukaryotes harboring fundamentally different collections of genes, as we see in prokaryotes (64) . However, except for photosynthetic eukaryotes, which acquired the plastid and many genes with it, different eukaryotic lineages tend to possess the very same collections of genes having prokaryotic homologs, which is not true for prokaryotes (Fig. 1) . We are saying that prokaryotes recombine via LGT but that eukaryotes have remained genetically isolated from prokaryotes (except at the origins of organelles) because they recombine via sex. Our critics will thus ask: Where did sex come from?
Did Sex Rescue the Ancestral Eukaryote from Muller's Ratchet? Like eukaryotes, the origin of sex also counts as one of the major evolutionary transitions (1) and remains one of evolutionary biology's toughest problems. Existing theories seek the origin of sex LGT among prokaryotes results in a prokaryotic sister group consisting of homologs from both donor and nondonor lineages (nongreen colors). Further complicated by gene loss (crosses) and incomplete sampling (only circled homologs are sampled and used for phylogenetic analyses), the sister group observed in the tree is an apparent one that is a subsample of the complete sister group (C) or does not contain any representative from the true sister group (D). (E) The same factors also influence sampling of eukaryotic homologs, resulting in an apparent acquisition of the gene by a subgroup of the eukaryotic clade involved in the endosymbiosis event.
in a haploid cell with fully fledged eukaryotic mitosis (104) , but it is more likely that mitosis and sex arose in a cell that had a mitochondrion (3, 5) . During the prokaryote-to-eukaryote transition, eukaryotes seem to have lost the standard mechanisms that prokaryotes use to escape Muller's ratchet-transduction, transformation, and conjugation-because they are lacking in all eukaryotic groups. Had eukaryotes retained one or all three of those mechanisms, it seems unlikely that they would have evolved sex on top of them, and, indeed, cells that never had mitochondria (prokaryotes) never evolved sex. The machinery involved in eukaryotic recombination was surely present at the time of mitochondrial symbiosis because the main enzymes involved are homologous to their prokaryotic counterparts: Spo11, Mre11, Dmc1, Rad51, Mlh1, and Pms1 (105, 106) . Did a simple form of eukaryotic recombination, catalyzed by enzymes that are homologous to the enzymes of prokaryotic recombination, rescue nascent eukaryotes from Muller's ratchet? The basic machinery required might have been a property of the host. It is a curiously underpublicized observation that various archaea can fuse their cells (55, 107) and that, in some haloarchaea, fusion is accompanied by recombination (108) whereas, in others, only recombination is observed (109) . One needs to be careful not to (over-)state that "archaea have sex," but, in some rare documented examples, they do undergo outright cell fusion (an otherwise curious property of gametes) and, in some rarer cases, recombination and fusion are observed (108) .
Thus, it could be that the essentials of the machinery required for sex-fusion of cells from the same species and ability to generate recombinants in fused cells-was present in the host lineage that acquired the mitochondrion. Without such a capability, extinction would have been the alternative. That suggestion would help to ease one more evolutionary transition in the origin of eukaryotes (sex), which would go a long way toward explaining the differences between inheritance in prokaryotes and eukaryotes (Fig. 1) , without solving the problem in full or explaining (i) how mitosis and meiosis are related to one another, (ii) where the cell cycle comes from, or (iii) why eukaryotes, in contrast to all prokaryotes, shut down their gene expression at cell division. Such longstanding questions concerning the major evolutionary transition at eukaryote origin (1), are arguably more tractable than ever before, given progress concerning the archaeal nature of the host that acquired mitochondria (4, 7, 81) .
Conclusion
Inherited chimerism is an alternative to the problematic practice of conjuring up additional, gene-donating symbionts at organelle origins to explain gene trees. It merely requires a selective force to associate the symbiont (either plastid or mitochondrion) to its host so that the endosymbiosis (one cell living within another) can be established and gene transfer from the symbiont can commence. It places no constraints on the collections of genes that the plastid and the mitochondrial symbionts possessed, other than that it needs to be a genome-sized collection, not tens of thousands of genes, and it allows freely for LGT among prokaryotes before the endosymbionts become organelles and afterward.
LGT among prokaryotes has received much attention in the past decades. Inherited chimerism incorporates LGT among prokaryotes into endosymbiotic theory.
